Introduction
Carboxin (5,6-dihydro-2-methyl-1,4-oxathiin-3-carboxanilide) is a systemic fungicide which is active against basidiomycete fungi and is particularly effective in controlling bunt and smut diseases. The mode of action of carboxanilide fungicides, such as carboxin and oxycarboxin, was established during the early 1970s, when it was shown that inhibitory concentrations of carboxin prevented respiration in Ustilago muydzi mitochondria. Retardation of growth was closely correlated with the accumulation of succinate, indicating that these inhibitors prevented the oxidation of succinate to fumarate, a reaction catalysed by the tricarboxylic acid cycle enzyme, succinate dehydrogenase (EC 1.3.99.1) [ 11. Succinate dehydrogenase, which is associated with the inner mitochondria1 membrane, is composed of two subunits: a flavoprotein (Fp) and an iron-sulphur protein (Ip). These two subunits, along with two other integral membrane or ubiquinone-binding proteins ((211-3 and C11-4), make up Complex I1 (succinate:ubiquinone oxidoreductase) of the respiratory electron transport chain. Although the precise mechanism of action is unclear, carboxin is believed to inhibit the transfer of electrons from succinate to ubiquinone by preventing the re-oxidation of the iron-redox centres of the Ip subunit [Z] .
A number of carboxin-resistant strains of L! muydzi have been isolated and these can be divided into three distinct groups (Table 1) [3-51. Mutations conferring carboxin resistance occur at two independent, unlinked, nuclear loci: oxr-1 and oxr-2.
Mutations at the OXY-I locus can be further differentiated into two subgroups, termed oxr-IA and oxr-1B. by the sensitivity of the mutants to carboxin.
The oxr-IB mutation, which confers a relatively high degree of resistance, also reduces the sensitivity of succinate dehydrogenase to carboxin [3] . This, therefore, indicates that the oxr-1B mutation (Table 2 ). This level of resistance was expected because the plasmid-borne carboxinresistance gene was expressed together with the chromosomally located wild-type carboxin-sensitive allele. The sensitivity of succinate dehydrogenase from the transformant was also found to be intermediate to that of the mutant and the wild type. In addition, succinate dehydrogenase activity from both the mutant and transformant was less sensitive to inhibition by thenoyltrifluoroacetate, a respiratory inhibitor with a similar mode of action to carboxin, than succinate dehydrogenase from the wild-type strain. Furthermore, succinate dehydrogenase from both the mutant and the transformant exhibited negative cross-resistance to the carboxanilide analogue, S 180. These data, therefore, indicated that the gene recovered from the plasmid library was the same as that conferring carboxin resistance in the original oxr-IB mutant.
Characterization of the oxr-I B gene
The oxr-1B gene was localized on a 2.1 kb DNA fragment by sub-cloning and deletion analysis and this fragment was sequenced [8] . A continuous open reading frame of 885 bases was identified, 580 bp downstream from the 3' end of the fragment, which encoded a protein containing 295 amino acids ( Figure 1) . Arg25 5-Pro267 (cluster 3) were particularly well conserved throughout these amino acid sequences.
The N-terminal amino acid sequence of the U. maydis Ip subunit up to residue 50 was rich in basic (argmine) and hydroxylated (serine and threonine) amino acids, and part of this sequence formed an amphipathic helical structure. These features are characteristic of the cleavable N-terminal presequences that are required for the import of mitochondrial proteins encoded by nuclear DNA [ 101.
The sequence of an allele encoding a carboxin-sensitive Ip subunit was then determined following PCR amplification of the gene from genomic DNA isolated from a carboxin-sensitive U. Comparison of the sequence of this amplified product with that of the oxr-IB gene revealed a twobase difference between the sequences at nucleotide positions 758 and 759. These nucleotide changes led to the substitution of a leucine residue for a histidine residue within the third cysteine-rich cluster of the carboxin-resistant Ip subunit. Confirmation that these nucleotide substitutions were responsible for carboxin resistance was obtained by site-directed mutagenesis of the carboxin-sensitive Ip subunit allele so that it encoded a peptide identical to that of the carboxin-resistant form. This in vitro mutated gene, when transferred into a carboxin-sensitive strain of U muydis, restored resistance to carboxin.
Mode of action of carboxin
Identification of the gene product responsible for conferring carboxin resistance in U. muydis as the succinate dehydrogenase Ip subunit, and determination of the precise nature and location of the mutation leading to carboxin resistance within the carboxin-resistant allele, allows a detailed assessment of the mechanism of action of carboxin to be made. Previously, it had been established that carboxin exerts its inhibitory effect by preventing electron transfer from the Ip subunit of succinate dehydrogenase to ubiquinone [2] . 
Introduction
The natural 0-heterocycle rotenone (1) Thus, there remains a narrow range of active inhibitors, with a complex basic structure that is hard to synthesize. To make progress in this area, there appeared to us to be two main requirements. First, the development of a new synthesis of rotenoids, which should be short, practical, and give a good overall yield. Although a number of syntheses of the A/R/C/D ring system have been devised [7, 81 they have not been very suitable for the preparative needs of structure-activity investigations. A new approach to this problem is addressed in the first part of this paper. Secondly, new ideas are needed for active structural variants which will not have to contain the core rotenoid tetracycle. We decided to look for inspiration at structural comparisons between rotenone and other inhibitors that are believed to act at the same site (NADH:ubiquinone oxidoreductase) [9] . Our progress in this area is described in the second section. 
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